Background: Slab gel heteroduplex analysis (HDA), a popular scanning method for genetic mutations, uses DNA fragments typically generated by PCR to create homo-and heteroduplex molecules with conformational differences and sequence-dependent electrophoretic profiles. Use of a universal heteroduplex generator (UHG) enhances the subtle variations caused by singlebase substitutions. Methods: The HDA-UHG slab gel format was modified for an efficient capillary-based method. The effect of staining dyes TOPRO5 and YOPRO1 on the analysis of heteroduplexes was studied, as well as ultraviolet absorbance and laser-induced fluorescence (LIF) detection methods. In addition, the entangled polymers hydroxyethyl cellulose, methyl cellulose, and linear polyacrylamide were evaluated as separation matrices. Results: This assay was able to detect the presence of Mycobacterium tuberculosis and its rifampin susceptibility directly from clinical specimens in dramatically reduced analysis time (30 min vs 2.5 h). Optimized conditions included 0.3% methyl cellulose as the separation matrix, on-line staining using 1 mol/L YOPRO1, and LIF detection for quantitative and reproducible analysis of single-base substitutions in the rifampin resistance-determining region of rpoB that give rise to the rifampin-resistant phenotype of M. tuberculosis. We generated 95% confidence limits using the wild-type sequence and used these limits to determine rifampin susceptibility in samples.
The Human Genome Project has provided more information about human disorders and diseases and presented new tools and opportunities for medical advances. As the number of genes linked to specific diseases grows, the development of technically simple and cost-effective methods to detect genetic mutations becomes increasingly important. Additionally, the Human Gene Mutation Database (http:// archive.uwcm.ac.uk/uwcm/mg/hgmd0.html) reports that Ͼ90% of disease-causing mutations in humans are attributable to microlesions, such as single-base substitutions and small deletions and/or insertions, rather than gross lesions (repeat expansions, complex gene rearrangements, gross insertions and/or deletions). Therefore, it is vital that mutation detection methods are sensitive to the content of nucleotide variations at the single-base level.
Although DNA sequencing is considered the "gold standard", this technology is still too cumbersome and costly to be effective for high-throughput screening of mutations (1 ) . As a result, alternative mutation detection strategies have been developed and can be categorized as specific or scanning methods. Specific methods identify particular, characterized sequence variations, whereas scanning methods detect uncharacterized sequence var-iations. Heteroduplex analysis (HDA) 3 is a popular gelbased mutation scanning method that relies on the differential mobility of short DNA fragments with complete sequence complementarity vs those containing one or more mismatches. The traditional slab gel format has a parallel processing capacity that allows multiple analyses to be conducted simultaneously, but the approach is not amenable to automation and is quickly being adapted to a capillary format, which offers potential improvements in cost, resolution, speed, quantification, and automation (2) (3) (4) (5) . Additionally, slab gels are limited to agarose and polyacrylamide compositions, whereas several matrices are available for capillary electrophoresis (CE), such as hydrophilic polymers and cellulose derivatives that can improve the resolution in the heteroduplex assay. Replaceable linear polyacrylamides (LPAs) and other entangled polymer solutions, in particular, offer lower viscosity, achieve high-efficiency separations, and permit rapid replacement of the sieving matrix and, thus, recycling of the capillary (3, 4, 6 -8 ) .
An early report using HDA and CE described a method that utilized an entangled polymer matrix under nondenaturing conditions to resolve small conformational differences created by mismatches in duplexed DNA (9 ) . In some cases, the method was unable to discriminate between the homo-and heteroduplexes, but in no case was it able to separate all generated fragments. Another report described the use of a temperature gradient during electrophoresis for mutation detection using HDA (10 ) . Various base substitutions were screened in different length fragments by comparison to their respective reference samples. In this variation of HDA, the lower melting temperature of heteroduplex DNA molecules containing mismatches relative to the homoduplex molecules was exploited to partially denature the DNA during electrophoresis. The approach used a temperature gradient that was selected to cover the entire range of melting temperatures of duplexes containing various mismatches encountered in the samples for a universal screening method that was able to detect single-base substitutions in a 96-capillary array for high throughput.
A third report explored the use of various matrices, surface coatings, and silanizing reagents in HDA to discriminate between mutations in BRCA1, a breast cancer susceptibility gene with mutations ranging from a singlebase substitution to a 40-base deletion (11 ) . Using their optimized method, the authors achieved effective mutation discrimination in Ͻ10 min, and optimal performance included hydroxyethyl cellulose (HEC) as the polymer network with a poly(vinylpyrrolidone) coating covalently coupled to the capillary by chlorodimethyloctylsilane.
In some of the previous reports, the HDA technique was used to identify mutations in a sample by annealing the gene fragment (amplified by PCR) to a reference, which contained the wild-type sequence. In heterozygous individuals in whom genes possessing different allelic forms are present in a single copy within the genome, DNA heteroduplexes can be formed in trans without use of a reference (12 ) . However, in either case, a single-base substitution in the sample generates a very slight conformational difference in the heteroduplex that is typically more difficult to resolve by conventional electrophoretic methods than an insertion or a deletion mutation, especially when using HDA (1 ) . Fortunately, high-resolution HDA can be achieved by annealing the DNA fragment with a specially constructed third-party DNA, referred to as a universal heteroduplex generator (UHG) (12 ) . This synthetic sequence mimics the genomic DNA sequence but contains controlled nucleotide substitutions, deletions, or insertions at nucleotide positions opposite to and contiguous with known mutation sites within the genomic DNA. This controlled variation in the UHG greatly enhances electrophoretic sorting of single-base substitutions in the samples and increases the resolution between homo-and heteroduplex DNA (see Fig. 1 ).
The HDA-UHG technique has been used in a slab gel format for drug susceptibility testing in tuberculosis (TB) (13 ) . The disease, caused by Mycobacterium tuberculosis (Mtb), is responsible for 2.5 million deaths each year, is the leading cause of mortality in adults attributable to an infectious agent, and accounts for 26% of all preventable adult deaths globally (14, 15 ) . Additionally, the emergence of Mtb strains that are resistant to antimycobacterial drugs such as rifampin and isoniazid increases the cost and difficulty in treatment and may require a more toxic regimen (16 ) .
In particular, resistance to rifampin is associated with missense, insertion, and deletion mutations in the rifampin resistance-determining region (RRDR) of rpoB, which encodes the ␤ subunit of the DNA-dependent RNA polymerase (17, 18 ) . The HDA-UHG method has been used in a slab gel format for simultaneous detection of Mtb with qualitative assessment of susceptibility to ri- fampin (13 ) . However, this analysis requires Ͼ2 h of separation time and post staining with ethidium bromide.
Here we report a capillary-based HDA-UHG method that uses nondenaturing conditions for the detection of single-base nucleotide substitutions in the Rif region of rpoB that give rise to the rifampin-resistant (Rmp-r) phenotype of Mtb. This assay is a modification of the slab gel-based assay designed for detection of Mtb and rifampin susceptibility testing of Mtb directly from sputum specimens. The effects of intercalating dyes and ultraviolet (UV) absorbance vs laser-induced fluorescence (LIF) detection methods were investigated. In addition, various types of entangled polymer solutions appropriate for the high-resolution separation of duplexed DNA in capillary formats were investigated, including HEC, methyl cellulose (MC), and LPA in terms of their ability to allow the rapid separation of heteroduplexes resulting from singlebase substitutions in this application. These characteristics can be important for any HDA method that examines point mutations enhanced by a generator. Optimized conditions were developed to detect single-base substitutions and achieve discrimination between all four fragments of the homo-/heteroduplex mixtures while determining rifampin susceptibility among TB samples.
Materials and Methods chemicals and reagents
N,N,NЈ,NЈ-tetramethylethylenediamine (TEMED) and ␥-[(methoxyacryl)oxy]propyltrimethoxysilane (␥-MAPS) were obtained from Amresco. ␥-MAPS was titrated to pH 3.5, using glacial acetic acid, before use. Stock solutions of 10ϫ Tris-acetate-EDTA (TAE; 400 mmol/L Tris-acetate, 10 mmol/L EDTA) and Tris-borate-EDTA (TBE; 1.0 mol/L Tris, 0.9 mol/L boric acid, 0.01 mol/L EDTA) were purchased from Life Technologies. The fluorescent intercalating dyes YOPRO1 (M r 629) and TOPRO5 (M r 697) were purchased from Molecular Probes and stored at Ϫ20°C until used. MC (M r 88 000) and HEC (M r 250 000) were purchased from Sigma Chemical Co. High-molecular weight (M r 5 ϫ 10 6 to 6 ϫ10 6 ) LPA was purchased from Polysciences.
Mtb samples, preparation, and hda formation
All samples and the UHG were obtained from the Laboratory Research Branch of the National Hansen's Disease Programs at the School of Veterinary Medicine, Louisiana State University (LSU). The samples consisted of pooled PCR products containing a 193-bp fragment from the RRDR of the rpoB gene of Mtb that were amplified from different Rmp-r strains of Mtb (minimum inhibitory concentration Ͼ2 mg/L rifampin). The PCR products used in this analysis were from sputum samples or from clinical strains of Mtb. The Rmp-r strains evaluated included YE14, YE67, and YE68, which contained single-base mutations that represent ϳ85% of all mutations giving rise to rifampin resistance in Mtb, and other strains giving less frequently observed mutations (see Table 1 ) (17 ) . The PCR product PLN-2 contained a 193-bp fragment of the wildtype rifampin-susceptible (Rmp-s) rpoB gene from Mtb H37Rv (ATCC no. 25618; American Type Culture Collection) (19 ) .
Initially, the UHG was synthetically prepared (GeneLab, LSU) and PCR-amplified using the rpo105 and rpo273 primer set to make a double-stranded 181-bp fragment (see Fig. 2 ). The fragment was cloned into PCR 2.1, a TA cloning vector (Invitrogen). The stock UHG was amplified from this plasmid by PCR, quantified spectrophotometrically at 260 nm, adjusted to 10 mg/L, and stored at Ϫ70°C until use. Compared with the wild-type rpoB sequence, the UHG contained four 3-bp deletions and four 2-bp substitutions, which were strategically placed to enhance electrophoretic discrimination of the common mutations encountered in Rmp-r Mtb clinical specimens.
Heteroduplex formation was performed as follows: 25 L of PCR product was mixed with an equal volume of UHG, heated to 94°C for 5 min, and allowed to cool slowly to room temperature over 30 min in a programmable Techne Genius thermocycler. The program was used to lower the temperature by 2°C every 30 s. The samples were then maintained at 25°C or at Ϫ20°C until electrokinetic loading onto the capillary.
slab gel electrophoresis
Slab gel analysis was performed using Novex TM precast 10% TBE polyacrylamide gels from Invitrogen according to procedures published previously (20 ) . The running buffer consisted of 0.6ϫ TBE. DNA fragments were detected in ethidium bromide-stained gels (0.5 mg/L) by UV transillumination.
capillary gel electrophoresis
All capillaries for CE analysis were precoated with LPA and prepared in advance according to a modified Hjerten method (21 ) . Briefly, 75-m (i.d.) capillaries were conditioned with 1 mol/L NaOH and 1 mol/L HCl and finally rinsed with copious amounts of deionized H 2 O. The capillaries were then filled with a 1:1 (by volume) solution of ␥-MAPS and methanol and allowed to stand overnight at 25°C. The following day, capillaries were rinsed with H 2 O and filled with a 4% acrylamide solution in 1ϫ TBE containing 1 mL/L of both TEMED and a 100 g/L ammonium persulfate solution. After being filled with the acrylamide solution, the capillaries were allowed to rest horizontally for 30 min at 25°C before being rinsed with H 2 O and dried for storage.
HEC solutions were prepared by dissolving the appropriate amount of polymer in 1ϫ TAE and applying heat and stirring overnight without boiling. The MC solution was prepared in 1ϫ TBE as described elsewhere (8 ) . Briefly, the polymer was added to distilled water, which was heated to 75°C. The solution was then placed on ice and stirred until clear (ϳ15 min). The appropriate volume of 10ϫ TBE was added to make a final concentration of 1ϫ TBE. High-molecular weight LPA gels were prepared by dissolving the polymer in 1ϫ TBE with thorough mixing at 25°C for several hours. The staining dye was added to the entangled polymer solutions before the capillary was filled. Because of the high viscosity of high-molecular weight LPA, the capillary was filled with the gel under pressure (800 psi) in a pressure vessel that was designed in-house. The staining dye was added to the anode and cathode reservoir vials, which contained 1ϫ TBE buffer.
Unless otherwise stated, the following conditions were used for electrophoresis. Separations in MC and HEC were performed in an LPA-coated capillary with an effective capillary length of 50 cm. Injection conditions were optimized to minimize the injection plug with respect to the length of the capillary to reduce zonal dispersion. Typically, injections were performed at Ϫ5 kV for 60 s, and the electric field strength used during the separation was 125 V/cm. When LPA was used as the matrix, the LPA-coated capillary length was 20 cm (effective length), and the electric field strength was 132 V/cm. Samples were injected for 1.5 min at Ϫ10 kV. In each case, the matrix was refilled into the capillary between each run. Electrophoresis was operated in the reverse-polarity mode (negative potential at the injection end of the capillary).
Electrophoretic separations with UV detection at 254 nm were performed on a commercially available capillary-based electrophoresis system, specifically, the Beckman P/ACE System 5510 (Beckman Instruments). Data acquisition was performed using the Beckman Gold Chromatographic software. Separations using LIF detection at 520 nm were performed using the Beckman P/ACE CE fitted with a LIF module consisting of an Argon ion laser ( ex ϭ 488 nm) and a 520 nm emission filter placed in front of the photomultiplier tube.
Results and Discussion titer experiments
To maximize heteroduplex formation, the concentrations of PCR product and UHG must be optimized. Therefore, experiments using a titer or dilution series of PCR products and UHG were performed. Gel analysis of titer experiments was performed in which heteroduplex formation was carried out using 1:2 (one part sample in two parts total volume), 1:4, and 1:6 dilutions of both PCR product and UHG. It was determined that 1:2 dilutions of both the PCR product and UHG in H 2 O were optimal for 
slab gel electrophoresis
The mutations shown in Table 1 were evaluated using slab gel electrophoresis (see Fig. 3 ). The utility of this assay is twofold: it simultaneously identifies Mtb apart from other mycobacterial and bacterial species and determines rifampin susceptibility (13 ) . The presence of Mtb is definitively indicated by a 193-bp homoduplex in the electropherogram that results from highly specific PCR amplification. Both 181-bp UHG and 193-bp homoduplexes form at higher concentrations than the heteroduplexes because of increased thermodynamic stability induced by complete sequence complementarity in the homoduplexes.
Rifampin resistance was indicated by heteroduplex profiles, which are attributable to various base substitutions in the 193-bp PCR product and distinct from that observed for known Rmp-s strains (Fig. 3, lanes 2-6) . The Rmp-s genotype (Fig. 3, lane 7) was not observed in the analysis of mutant strains because these samples were generated from Rmp-r strains of Mtb only. Acquired resistance typically occurs as a consequence of poor patient compliance to antidrug therapy. In this case, the resistant strain is selected for and the susceptible strain is eventually eliminated. Subsequent transmission of the resistant strain to another person leads to drug resistance from the outset and is known as primary resistance.
Similarities were seen between PLN-2 and YE67 heteroduplex profiles. The YE67 mutant, which contains the Asp516Val mutation, is generally difficult to discriminate from wild type by the HDA technique in the slab gel format. The reason for this appears to be that codon 516 is distant from any deletion or substitution in the generator; therefore, a mutation at this site causes a one-base mismatch that is not enhanced by the generator. Consequently, this mismatch makes little conformational difference in either heteroduplex compared with those generated by wild-type Mtb. Qualitative assessment of RR9 and O29 was also surprisingly difficult considering the close proximity of deletions or insertions in the generator. However, all mutants were distinguishable from the wild type on close inspection. For discussion purposes, the lower and upper heteroduplex bands have been designated as HD1 and HD2, respectively.
dye staining effects in hda-uhg using ce
For the modification of HDA-UHG to the capillary format, we used 1.0% HEC, an entangled polymer commonly used to fractionate duplexed DNA (6, 9, 22, 23 ) . We first investigated the addition of staining dyes (monointercalators) to the electrophoresis running buffer and their effects on the resolution of the single-base differences observed in the samples containing mutations in rpoB, using HDA and CE.
It has previously been demonstrated that the addition of mono-intercalators can improve the efficiency and resolution in CE compared with unstained DNAs (24 ) , but addition of bis-intercalators can degrade separation efficiency because of various binding motifs (25, 26 ) . In addition, intercalating dyes can cause slight unraveling and elongation of the duplex, potentially making HDA difficult when electrophoresis is used. Representative electropherograms are shown in Fig. 4 for the YE67 Rmp-r sample analyzed with unstained or with YOPRO1-or TOPRO5-stained double-stranded DNAs. Baseline separation of both the homoduplexes and heteroduplexes was achieved with the YOPRO1-stained DNA, whereas the unstained DNA produced baseline resolution of the homoduplexes but could not resolve the heteroduplexes. When the TOPRO5-stained sample was electrophoresed, the heteroduplexes comigrated and the homoduplexes did not achieve baseline resolution. DNA stained with YOPRO1 migrated more slowly than the unstained and TOPRO5-stained DNA. Because the addition of the staining dyes neutralizes the negative charge present in the duplexed DNA as well as slightly unraveling the duplex, the slower mobility of the YOPRO1stained DNA was indicative of a higher loading of dye to the duplexed DNA and/or a higher binding affinity of the stain for the duplexed DNA (24 ) .
Comparison of the selectivity values for the homoduplexes between the two staining dyes and the native DNA indicated no significant differences, which would be expected because the selectivity is determined primarily by the physical properties of the sieving matrix (see Table  2 ). However, the plate numbers were substantially higher for the YOPRO1-stained DNA, producing higher resolu- tion factors for the YOPRO1-stained homoduplexes. In the case of the heteroduplexes, the selectivity values between the heteroduplexes were significantly larger for the YOPRO1-stained DNA, whereas for the unstained and TOPRO5-stained DNA, the heteroduplexes comigrated.
The apparent lower affinity of TOPRO5 for these mismatched duplexes is surprising because Scatchard analysis of the binding constant for fully matched du-plexes using TAG (a structurally similar staining dye to TOPRO5) indicated an affinity comparable to that of YOPRO1 (24 ) . The additional methine unit in the bridging methine chain could produce a lower binding affinity for these mismatched duplexes compared with the shorter dye, YOPRO1, because both dyes have the same net charge (ϩ2). As such, it is clear that although staining dyes can improve the electrophoretic resolution in HDA for Mtb samples, judicious choice in the dye is necessary to augment discrimination of the heteroduplexed DNA.
detection method
Although UV detection at 254 nm can be implemented, the detection method suffers from poor sensitivity because of the short optical pathlength associated with CE. Consequently, LIF detection using intercalating dyes is the method of choice in applications requiring detection of low concentrations (25, 26 ) . This is particularly important for HDA because the heteroduplexes form at lower concentrations and are typically less stable thermodynamically than the homoduplexes. As such, the population of heteroduplexes can be significantly smaller compared with the homoduplexes.
The YE67 mutation was analyzed with both UV detection at 254 nm and LIF detection at 520 nm using 0.3% MC as the sieving matrix and YOPRO1 as the staining dye. The resolution and selectivity between the UHG and HD1 (UHG/HD1) as well as between the heteroduplexes (HD1/HD2) were calculated in addition to the efficiency (plate numbers) of each fragment between the two detection strategies. Although the selectivity between fragments using either detection method remained the same (1.03 for UHG/HD1), efficiencies were slightly higher with LIF than with UV absorbance (2.23 and 1.15 ϫ 10 6 plates/m, respectively, for HD1). This produced a slight increase in the resolution between all fragments when LIF was used compared with UV absorbance (6.15 and 4.94, respectively, for UHG/HD1). An altered heteroduplex profile generally indicated the presence of mutant DNA; however, increased resolution between homoduplexes permitted increased certainty in the identification of Mtb, whereas enhanced resolution between heteroduplex fragments led to higher confidence in mutation discrimination. 
matrix comparison
We next evaluated LPA, HEC, and MC as potential separation matrices using LIF detection with YOPRO1 as the intercalating dye and YE67, the most difficult sample to discriminate. LPA has been used extensively as a separation matrix in CE because of the high resolutions achieved, whereas HEC and MC were chosen for their ease of use; their lower viscosity allows simple regeneration of the capillary between runs compared with LPAs (3 ). MC, in particular, was chosen for its ability to achieve high resolution at low concentrations of the entangled polymer (7 ) . For each matrix, the resolution and selectivity between UHG/HD1 and HD1/HD2 were calculated along with the efficiency of each fragment and are reported in Table  2 . The UHG/HD1 resolution provides quantitative information about the separation of the homoduplexes from the heteroduplexes, with the UHG being chosen as an internal standard because of its invariable sequence between analyses. Alternatively, HD1/HD2 resolution values quantitatively describe the separation between the heteroduplexed peaks and the HDA profile for identifying rifampin resistance or susceptibility.
The matrix consisting of 3% LPA was able to exploit the conformational differences in the heteroduplexes compared with the homoduplexes as evidenced by the pronounced retardation of the heteroduplexes compared to the homoduplexes [resolution (R) Ͼ20 between UHG/ HD1]. However, this also caused decreased loading of the heteroduplexes onto the capillary because of biases induced by electrokinetic injection, producing lower signals for the heteroduplexes (data not shown). Significantly lower efficiencies were observed for the heteroduplexes; however, a poor signal-to-noise ratio added uncertainty to the determination of these values. Additionally, although use of LPA as the sieving matrix yielded baseline resolution between all fragments in less than 35 min, the high viscosity of the gel made on-line replacement of the matrix in the commercial instrument difficult because of the higher pressure required to replace the matrix. With 1.0% HEC, all duplexes were baseline resolved and mutation discrimination was possible ( Fig. 5 ), but a longer column length compared with the LPA matrix was required to achieve comparable resolution. The analysis required 35 min, but efficiencies were an order of magnitude lower than those achieved with 0.3% MC, as shown in Table 2 . With MC, the optimized separation achieved efficiencies Ͼ1 ϫ 10 6 plates/m for all fragments in less than 30 min (Fig. 5 ). This matrix provided the best efficiency and resolution between heteroduplexes among those evaluated here, in agreement with previous reports that demonstrated high resolution at similar concentrations of this polymer (8, 27 ) . Therefore, MC was selected for use in further analyses.
mutation discrimination
Using the established conditions for base substitution detection with HDA-UHG in a capillary format, we analyzed all five mutations using 0.3% MC with YOPRO1 staining and LIF detection. PLN-2 was first analyzed in three trials to establish both reproducibility and wild-type conditions to be used for mutation discrimination. The analysis produced a SD of 0.10 in resolution between fragments with negligible SD in the selectivity between fragments (see Table 3 ). Additionally, baseline resolution (R Ͼ1.5) was obtained between all fragments, and efficiencies were Ͼ1 ϫ 10 6 plates/m. Using these data, we calculated 95% confidence limits for the resolution between the heteroduplexes and also between UHG/HD1 (see Table 3 ) for PLN-2 to allow comparison and identification of HDA mutant profiles.
Each Rmp-r sample containing a single-base substitution was then analyzed. Resolution between the heteroduplexes and UHG/HD1 in the Rmp-r samples was at least 1 SD above or below the 95% confidence intervals calculated and therefore could be classified as containing the Rmp-r genotype. Additionally, the mutation contained in YE67, which was the most difficult to qualitatively discriminate in the slab gel format, was easily YE67 analysis using 0.3% MC and 1.0% HEC. Both separations were performed with staining with 1 mol/L YOPRO1. Electrophoresis conditions were as described in the legend for Fig. 4 except that the sample was electrokinetically loaded for 60 s at 5 kV and LIF was monitored at 520 nm.
identified. As in the slab gel format, similarities were observed in the HD1/HD2 resolution in PLN-2 (2.27 Ͻ R Ͻ 2.47) and RR9 (R ϭ 2.49); however, comparison between UHG/HD1 resolutions established RR9 as an Rmp-r strain. Sample O29, which also showed similarities to PLN-2, was easily established as Rmp-r.
In conclusion, an efficient CE-based HDA-UHG method was developed for the detection of single-base pair substitutions in PCR-amplified gene fragments. By exploring the use of staining dyes, entangled polymer sieving matrices, and detection schemes, we could identify point mutations in the RRDR of rpoB of Mtb that give rise to the rifampin-resistant phenotype. Of the various methods evaluated, use of 0.3% MC as a polymer network and YOPRO1 staining with LIF detection appears to be optimal for this HDA application. The 0.3% MC entangled polymer solution yielded good separation and had low viscosity, which allowed it to be easily replaced in the capillary, thus permitting regeneration of the capillary and ease in operation. Additionally, the YOPRO1 staining dye gave the best resolution for the Rmp-s and Rmp-r heteroduplexes. In this application, the LPA coating appears to be suitable; however, the effects of the silanizing reagent used for LPA coating of the capillary were not investigated in this report, nor were alternative polymeric coatings, variables shown to have surprisingly profound effects on the CE separation in other HDA techniques (11 ) . It has also been speculated that high salt concentrations in PCR products deteriorate LPA-coated capillaries. Diminished lifetimes of the LPA-coated capillary were not noted in this application, possibly because of the dilutions of the PCR products required during heteroduplex formation. The CE-based HDA-UHG substantially reduced the time required for analysis for Mtb and rifampin susceptibility using slab gel analysis, from 2.5 h to 30 min. It is highly amenable to automation and substantially reduces the amounts of reagents required; consequentially, it reduces the cost of the assay. Additionally, use of the UHG allowed improved discrimination of single-base substitutions compared with other methods reported.
These improvements in the speed and throughput for HDA of genetic mutations may be of value for clinical applications as well as for further modification of this technique to the microchip format. a PLN-2 (wild-type) was analyzed in three trials to obtain reproducibility data and 95% confidence limits for the resolution between homo-and heteroduplex as well as between heteroduplexes using 0.3% MC, 1 mol/L YOPRO1, and LIF detection. Each Rmp-r sample was also analyzed, and corresponding data were included. b Values in parentheses are upper and lower 95% confidence limits.
